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We report on the observation of cold collisions between 6Li atoms and Yb+ ions. This combination
of species has recently been proposed as the most suitable for reaching the quantum limit in hybrid
atom-ion systems, due to its large mass ratio. For atoms and ions prepared in the 2S1/2 ground
state, the charge transfer and association rate is found to be at least 103 times smaller than the
Langevin collision rate. These results confirm the excellent prospects of 6Li–Yb+ for sympathetic
cooling and quantum information applications. For ions prepared in the excited electronic states
2P1/2,
2D3/2 and
2F7/2, we find that the reaction rate is dominated by charge transfer and does
not depend on the ionic isotope nor the collision energy in the range ∼ 1–120 mK. The low charge
transfer rate for ground state collisions is corroborated by theory, but the 4f shell in the Yb+ ion
prevents an accurate prediction for the charge transfer rate of the 2P1/2,
2D3/2 and
2F7/2 states.
Using ab initio methods of quantum chemistry we calculate the atom-ion interaction potentials up
to energies of 30×103 cm−1, and use these to give qualitative explanations of the observed rates.
Introduction – Recent experiments on mixtures of ul-
tracold atoms and ions [1–8] point the way to realiz-
ing novel platforms for studying quantum many-body
physics [9–11], quantum chemistry [3, 4, 12] and sympa-
thetic cooling of trapped ions [8, 13]. A major roadblock
towards reaching the quantum regime in atom-ion inter-
actions is formed by the time-dependent trapping field
of the Paul trap, which limits attainable temperatures
in hybrid atom-ion systems [1, 2, 8, 13–18]. In particu-
lar, the micromotion of ions trapped in radio frequency
traps may induce heating when short-range (Langevin)
collisions with atoms occur. In reference [15], it was
shown theoretically that the lowest temperatures may
be reached for the largest ion/atom mass ratios mi/ma.
The atom-ion combination with the highest mass ratio,
mi/ma ≈ 24–29 which allows for straightforward laser
cooling is Li–Yb+. This combination reaches the s-wave
limit at a collision energy of about kB ·10µK, which may
be in reach with current Paul traps and state-of-the-art
excess micromotion compensation [15].
For the Li–Yb+ combination to be useful in quantum
information applications and for sympathetic cooling, ion
loss rates should be small as compared to elastic collision
rates. Such loss rates can occur in the form of charge
transfer Li + Yb+ → Li+ + Yb or molecule formation
Li + Yb+ → (LiYb)+. These elementary chemical reac-
tion processes can be very efficiently studied in atom-ion
systems, as the trapped ions allow for full control over
their internal states and kinetic energy, while sophisti-
cated detection schemes allow for studying the reaction
products and their kinetic energy as well as branching
ratios. Cold atom-ion reactions are experimentally inves-
tigated for the combinations Rb–Yb+ [12], Rb–Ba+ and
Rb–Rb+ [2], Li–Ca+ [19] and Rb–Sr+ [8] for atom clouds
in the ultracold regime. Furthermore, Yb–Yb+ [20], Rb–
Ca+ [3], Ca–Yb+ [4], Ca–Ba+ [21], Na–Na+ [22], Na–
Ca+ [23], Rb–K+ and Cs–Rb+ [24] are studied with
atoms cooled in magneto-optical traps (MOT).
In this letter, we present experimentally determined
rates for chemical reactions between 6Li atoms and
171Yb+, 174Yb+ and 176Yb+ ions in the mK regime.
We show that the reaction rate for atoms and ions in
the electronic ground state is at least 103 times smaller
than the Langevin collision rate, which should be suffi-
ciently small for sympathetic cooling and quantum ap-
plications. These findings are in agreement with recent
calculations [25, 26]. Furthermore, we prepare the ions
in excited electronic states and show that the main reac-
tion process occurring in this situation is charge transfer.
We find that for the 2P1/2 and
2F7/2 state in
174Yb+ and
176Yb+, the charge transfer rate approaches the Langevin
collision rate, whereas for the metastable 2D3/2 state,
we find rates that are more than an order of magnitude
smaller. We show that the charge transfer rate is al-
most independent of the collision energy, suggesting that
charge transfer is to be associated with Langevin colli-
sions. Our results do not depend strongly on the ionic
isotope. Finally, we provide qualitative arguments for
the observed rates using theoretical calculations of the
excited states of the (LiYb)+ system.
Experimental setup – We overlap a cloud of 6Li atoms
with a crystal of 2–5 Yb+ ions for a certain interaction
time to observe inelastic collision processes such as charge
transfer or molecule formation. While the former leads
to ion loss, because Li+ ions have a charge-to-mass ratio
outside of the stability region of our Paul trap, the latter
results in a trapped, dark (LiYb)
+
molecular ion. After
the interaction, the atoms are released and we image the
ion crystal.
The main part of our experimental setup, allowing to
simultaneously trap and cool and to finally overlap 6Li
and Yb+ is sketched in Fig. 1 a). Two coils in anti-
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FIG. 1. a) Sketch of the setup used for the combined trap-
ping, cooling and overlapping of 6Li atoms and Yb+ ions. The
atoms are cooled in a mirror MOT about 20 mm below the
Paul trap before they are magnetically transported into the
ion trapping region. b) Level scheme of Yb+. Relevant tran-
sitions and wavelengths are indicated. The states prepared
for the measurement of loss rates are written in black fonts.
Helmholtz configuration form a magnetic quadrupole
field for the MOT and the magnetic trap. Dynamically
adjustable currents in the two coils as well as additional
compensation coils allow for a displacement of the mag-
netic field minimum in horizontal and vertical direction.
The MOT is formed by this magnetic field and two retro-
reflected circular polarized laser beams, red detuned from
the 2S1/2 → 2P3/2 transition. One of the beams is re-
flected by the in-vacuum mirror under an incident angle
of 45◦. This configuration provides confinement and cool-
ing of the atoms in all dimensions a few cm from the Paul
trap.
In 3 seconds we load about 50× 106 6Li atoms from a
Zeeman slower [27] into the MOT. The atoms are cooled
close to the Doppler temperature of TD = 141µK be-
fore they are spin polarized into the F = 3/2,mF = 3/2
ground state by a pulse of circular polarized light reso-
nant with the 2S1/2 → 2P1/2 transition and transferred
into a magnetic trap. We trap 25 × 106 atoms in the
magnetic trap, at a temperature of T ≈ 180µK. The
initial size of the atom cloud in the magnetic trap is
σax ≈ 1000µm and σvert ≈ 600µm. During the transport
into the Paul trap we compress the magnetic trap from
an initial gradient of gz(0) = 0.44 T/m to a final gradient
of gz(Ttr) = 2.8 T/m within the time Ttr = 120 ms. This
reduces the size of the atom cloud to σax = 470(40)µm
and σvert = 410(40)µm leading to a higher atom den-
sity. Additionally, this reduces atom losses during the
transport caused by geometrical cutoff at the compen-
sation electrodes, and radio frequency (RF) evaporation
in the immediate vicinity of the RF electrodes. Finally,
7× 106 atoms are trapped at the location of the ions, at
a temperature of T = 0.6(2) mK.
The Paul trap consists of four blade electrodes with a
distance of 1.5 mm to the trap center, two end caps with
a spacing of 10 mm and additional electrodes for com-
pensation of stray electric fields. We apply an oscillating
voltage with frequency ΩRF = 2pi × 2 MHz and ampli-
tude V0 = 75 V to two diagonally opposing blades and
DC voltages of VDC ≈ 15 V to the end caps, which yields
radial and axial trap frequencies of ωrad = 2pi × 150 kHz
and ωax = 2pi × 45 kHz.
We load a crystal of Yb+ ions by isotope-selective two-
step photoionization of neutral Yb atoms, and succes-
sive Doppler cooling on the 2S1/2 → 2P1/2 transition
at 369 nm. An additional beam at 935 nm wavelength
prevents the ions from being pumped to the metastable
2D3/2 state which has a lifetime of τ = 52.7 ms [28]. We
detect the fluorescence light of the ions with a sCMOS
camera as well as a photomultiplier tube (PMT). The
ions’ kinetic energy is composed of the thermal energy
in the order of TYb ≈ 4 mK after Doppler cooling, and
the micromotion energy. We measure and compensate
the micromotion in all three dimensions by using a set of
complementary methods described in appendix A.
Experimental sequence – For the collision measure-
ments we prepare the ions in the 2S1/2 ground state, or
in one of the excited states 2P1/2,
2D3/2,
2F7/2, as follows:
i) The 2S1/2 ground state is prepared by switching off the
369 nm Doppler cooling beam. The interaction time for
the 2S1/2 state collision measurement is τS = 200 ms. ii)
The 2P1/2 state is not prepared as a pure state, but only
a fraction of the population is in the 2P1/2 state dur-
ing Doppler cooling. We measure the 2P1/2 state pop-
ulation fraction with the method described in Ref. [12]
to be p(2P1/2) = 0.26(5). Here, the interaction time is
τP = 50 ms. iii) The
2D3/2 state is prepared by turn-
ing off the 935 nm beam while constantly driving the
2S1/2 → 2P1/2 transition. The interaction time is set to
τD = 100 ms. iv) To prepare the
2F7/2 state we use a laser
at 328 nm to drive the 2S1/2 → 2P3/2 transition, from
where the ion can cascade to the 2F7/2 state. Since this
process relies on the decay of the 2D5/2 state, which has
a lifetime of 7.2 ms [29], the required preparation time is
much longer than for the other states and therefore done
before loading the atoms. Thus, the atoms interact with
the ion already during the vertical transport and we cor-
rect the bare interaction time of 25 ms to τF = 39 ms as
described in appendix C. For the other electronic states,
the ions are initially in the 2S1/2 ground state during the
transport of the atoms and only prepared in the desired
state after arrival of the atoms.
Before and after the interaction we detect the ions by
imaging the fluorescence light onto a sCMOS camera and
determine the number of lost ions within the experimen-
tal run. The interaction time was set such that on aver-
age less than one ion was lost per experimental run. For
a precise determination of the atom number, the atoms
3are transported back to their initial location and released
from the magnetic trap. We apply a homogeneous mag-
netic field and after a time of flight of 2 ms we take an
absorption image with circular polarized light resonant
on the 2S1/2 → 2P3/2 transition.
Results – To obtain the Langevin collision rate, we
first measure the spatial extent of the atom cloud by
measuring ion loss rates of 174Yb+ ions prepared in the
metastable 2D3/2 state as a function of the relative po-
sition within the atom cloud. The vertical profile is ob-
tained by measuring the loss rates at different transport
elevations of the magnetic trap minimum, while the hor-
izontal profile is determined by shifting the ion string to
different positions along the symmetry axis of the Paul
trap by tuning end cap voltages. From the profile shown
in Fig. 2 we determine the size of the atom cloud to
be σax = 470(40)µm and σvert = 410(40)µm, which in
combination with the atom number measurements gives
us the atom density in the center of the cloud ρLi =
49(15) × 1014 m−3. From this, we determine the rate of
Langevin collisions to be γL = 2piρLi
√
C4/µ = 23(7) s
−1.
Here, C4 is proportional to the polarizability of the atom
and µ is the reduced mass. In these measurements, the
collision energy was set to ∼ 30-50 mK. In this range, the
charge transfer rate does not depend on the exact colli-
sion energy as described below. The technique to obtain
the density profile is based on the assumption that the
charge transfer rate is proportional to the local density
of the atoms. To corroborate our measurement an in
situ absorption image of the atoms at the location of the
ions was made. The frequency shifts due to the magnetic
trap were taken into account by combining absorption
images over a frequency range of 30 MHz around the res-
onance. This yields σin situax = 378 − 489µm, with the
range indicating the uncertainty in the magnification of
the imaging system. The atomic density obtained from
this image is shown in Fig. 2(a).
From the Langevin rate and the observed ion loss rates,
we obtain the fraction of Langevin collisions that lead to
ion losses. The measured loss rates in units of Langevin
collision rates are given in Table I. For the 2S1/2 state
only an upper bound is given as the observed loss rates
are too low to be measured precisely with the currently
available experimental setup.
In principle, the methods developed in hybrid atom-ion
systems also allow for studying collision-induced quench-
ing to other electronic states [12]. Our results did not
show evidence of collision-induced quenching from the
2F7/2 state to the electronic ground state. However, our
experimental sequence does not allow for detection of
quenching from the 2P1/2 and
2D3/2 state to the elec-
tronic ground state. During all measurements, we saw
only few occurrences of dark ions and the rate is too
low to distinguish these from unavoidable occurrences of
2F7/2 states or impurity ions induced by background gas
collisions. From this we conclude that charge transfer
State 174Yb+ 176Yb+ 171Yb+
2S1/2 ≤ 10−3 ≤ 2×10−4 ≤ 2×10−4
2P1/2 0.50(4)(20) 0.50(6)(20) –
2D3/2 0.030(1)(11) 0.025(1)(10) –
2F7/2 0.46(3)(16) 0.41(3)(14) –
TABLE I. Loss rates in units of Langevin collision rates for
the isotopes 174Yb+, 176Yb+, 171Yb+ in ground and excited
states. For the 2S1/2 and
2F7/2 state, the collision energy
was set to ≈ 1 mK, whereas for the 2P1/2 and 2D3/2 states
we took the average over the collision energy range ≈ 1-100
mK (see Fig. 3). Errors are given for statistical and system-
atic uncertainties. The systematic uncertainty comes from
the determination of the Langevin rate γL which affects all
rates equally, as well as the 2P1/2 state population fraction
for the loss rate of the 2P1/2 state. For the ground state, only
upper boundaries could be determined as the rates lie close
to background ion loss. For the measurement of the 2S1/2
state of 171Yb+, the ion was prepared in the F = 0 hyperfine
ground state.
dominates over association and quenching in the 2F7/2
state and over association in the 2D3/2 and
2P1/2 state.
We have also studied the energy dependence of the
charge transfer rates for the 2P1/2 and
2D3/2 states.
The average collision energy is given by Ecol =
µ
mYb
×
EYb +
µ
mLi
× ELi, where m(Li, Yb) and E(Li, Yb) are the
mass and kinetic energy of lithium and ytterbium, and
kB the Boltzmann constant. Due to the high mass ra-
tio mYb/mLi ≈ 29, the collision energy at low temper-
atures is limited by the temperature of the 6Li atoms
(TLi = 0.6(2) mK) even though the Yb
+ ions’ com-
bined thermal and micromotion energy may be up to
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FIG. 2. a) Density profile of the atom cloud along the sym-
metry axis of the Paul trap (magnetic field gradient grad =
1.4 T/m). Ions are prepared in the metastable 2D3/2 state.
We shift the ions along the trap axis and measure the loss
rate at each position with an interaction time of 100 ms. The
shaded region represents the atomic density profile obtained
by in situ absorption imaging as explained in the text. b)
Density profile in vertical direction (gz = 2.8 T/m). The ions
are kept in the axial center of the cloud and the atom cloud’s
transport elevation is scanned. Again, loss rates in the 2D3/2
state for an interaction time of 100 ms are measured.
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FIG. 3. Collision energy dependence of ion loss rates for
174Yb+ ions (blue) and 176Yb+ ions (red), prepared in the
2P1/2 state (upper) and
2D3/2 state (lower). The dashed lines
indicate the mean values of each rate.
EYb/kB ≈ 10 mK at optimal compensation. For higher
collision energies we deliberately apply a DC-electric field
of up to EDC = 35 V/m in radial direction, leading to a
micromotion energy of up to Emm/kB = 4 K and a colli-
sion energy of up to Ecol/kB = 120 mK.
We measure the loss rates in the energy range of
Ecol/kB = 1 − 120 mK. The results are shown in Fig. 3.
The measured charge transfer rates are mostly indepen-
dent of collision energy from which we conclude that
these processes occur during Langevin collisions, whose
rate is independent of collision energy [30].
Theory – In this section, we will present molecular
structure calculations to give a qualitative understand-
ing of the observed charge transfer rates. Supplying an
ab initio description of molecular systems containing lan-
thanide atoms is very challenging, because the 4f elec-
trons have to be carefully included in any accurate com-
putational model [25, 31, 32]. Here, we adopt and extend
the computational scheme successfully applied to the
ground and lowest excited states of the (LiYb)+ molecu-
lar ion [25] and the SrYb molecule [32]. The lithium atom
is described by the augmented correlation consistent po-
larized core-valence quadruple-ζ quality basis set, aug-
cc-pCVQZ [33]. The ytterbium atom is described using
the small-core relativistic energy-consistent pseudopoten-
tial ECP28MWB [34] to replace the 28 inner-shell elec-
trons and to account for the scalar relativistic effects, and
the associated basis set (15s14p12d11f 8g)/[8s8p7d7f5g]
is employed [35]. Additionally, the set of [3s3p2d1f1g]
bond functions is used [36]. The energy spectrum is ob-
tained using the multireference configuration interaction
method restricted to single and double exictations, MR-
CISD, starting from orbitals obtained with the multi-
configurational self-consistent field method, MCSCF [37].
s-valence orbitals and all virtual orbitals of energy up to
30×103 cm−1 are included in the active space. Electronic
structure calculations are performed with the Molpro
package of ab initio programs [38].
Fig. 4 presents non-relativistic electronic states of
the (LiYb)+ molecular ion up to an energy of about
30×103 cm−1 above the Yb+(2S1/2)+Li(2S1/2) entrance
channel. An inclusion of the spin-orbit coupling would
additionally increase the number of electronic states. For
comparison, Fig. 4 shows also all atomic dissociation
thresholds. The large number of atomic thresholds and
electronic states makes it very difficult to build a com-
plete microscopic ab initio model of charge transfer pro-
cesses in the (LiYb)+ system. Nevertheless, several con-
clusions can be drawn from the analysis of its electronic
structure.
The small rates of the charge transfer for Yb+ ions in
the 2S1/2 state are related to the large separation of the
Yb+(2S1/2)+Li(
2S1/2) threshold from other thresholds,
reducing potential losses due to spin-orbit [39] and non-
adiabatic [40] couplings. At the same time, the relatively
small photon energy realized in radiative charge transfer
reduces its Einstein coefficients.
The large rates of the charge transfer for Yb+ ions
in the 2P1/2 state are due to relatively large spin-orbit
coupling of the 2P state (2P1/2–
2P3/2 splitting over
3300 cm−1) and the large number of accessible channels
for both radiative and non-radiative losses.
The relatively small charge transfer rate of the 2D3/2
state can be related to the smaller spin-orbit coupling
of the 2D state, which results in a splitting between the
2D3/2 and
2D5/2 states of < 1400 cm
−1. In addition,
the Yb+(2D3/2)+Li(
2S1/2) threshold is surrounded by
charge-transferred thresholds with a different configura-
tion of f -shell electrons which should result in small cou-
pling and mixing between related molecular electronic
states.
Similarly, the large charge transfer rates for the 2F7/2
state can be related to the very large spin-orbit cou-
pling for the 2F state which results in a splitting be-
tween the 2F7/2 and
2F5/2 states of > 10100 cm
−1.
Such a strong spin-orbit coupling efficiently mixes many
electronic states associated with several thresholds pro-
viding opportunities for efficient radiative and non-
radiative charge transfer. In contrast to the 2D3/2 state,
the Yb+(2F7/2)+Li(
2S1/2) threshold is surrounded by
charge-transferred thresholds with the same configura-
tion of f -shell electrons within several hundred cm−1.
Therefore, large coupling and mixing between related
molecular electronic states is expected.
The comparison of the present results with charge
transfer rates measured for Yb+(2F7/2)+Rb(
2S1/2) and
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FIG. 4. Energy spectrum of the system: a) Nonrelativistic po-
tential energy curves of the (LiYb)+ molecular ion. Black and
blue lines correspond to singlet (S = 0) and triplet (S = 1)
states, whereas solid and dashed lines represent states with
the projection of the electronic orbital angular momentum
on the molecular axis equal to zero (Λ = 0, Σ symmetry)
and non-zero (|Λ| > 0), respectively. The lowest 5 electronic
states are taken from Ref. [25]. b) Possible ion-atom disso-
ciation thresholds with thresholds investigated in this work
highlighted in red. Experimental energies are taken from the
NIST database [41].
Yb+(2D3/2)+Rb(
2S1/2) [12] suggests that in fact the
electronic configuration of atomic thresholds and related
molecular states surrounding the entrance channel de-
termines the short-range probability of charge transfer.
In Ref. [12], the faster charge transfer rates were mea-
sured for Yb+ ions in the 2D3/2 state as compared to the
2F7/2 state (opposite to the present system). However,
the Yb+(2D3/2)+Rb(
2S1/2) threshold is surrounded by
charge-transfered thresholds with the same configuration
of f -shell electrons, whereas the Yb+(2F7/2)+Rb(
2S1/2)
threshold is surrounded by charge-transfered thresholds
with a different configuration of f -shell electrons (also
opposite to the present system and in agreement with
our qualitative explanation).
Conclusions – To summarize, we have presented ex-
perimental data on cold collisions between Li atoms and
Yb+ ions that address two important issues: Firstly, we
have shown that reaction rates for atoms and ions pre-
pared in their electronic ground states are at least 103
times smaller than the Langevin rate. This is in agree-
ment with theory [25, 26]. These results are of key in-
terest for experiments aiming to use atom-ion systems
for sympathetic cooling [8, 13, 42] and in quantum infor-
mation applications [9–11]: due to the large mass ratio
Yb+-Li may be the only combination that can reach the
quantum regime in a Paul trap [15].
Secondly, the study of cold chemical processes such as
the charge transfer observed in this work, allows us to
gain a deeper understanding of the molecular (Li–Yb)+
system. The 4f shell in the Yb+ ion prevents an accu-
rate theoretical prediction of the charge transfer rate of
the 2P3/2,
2D3/2 and
2F7/2 states using standard meth-
ods of quantum chemistry. Accurate measurements of
chemical reactions between individual particles with full
control over energy and internal states such as presented
here, thus provide an excellent testbed for ab inito molec-
ular structure calculations. The presented results can be
used to benchmark methods designed to account for the
static correlation, which is related to the heavily multiref-
erence nature, and strong relativistic effects, including
huge spin-orbit coupling, that are present in the exited
states of the (LiYb)+ molecular ion. The development
of such electronic structure methods is also relevant for
systems containing other lanthanide atoms, e.g. erbium
and dysprosium.
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APPENDICES
A: Ion temperature determination
In our paper we measure the rates of inelastic collisions
between Yb+ ions and 6Li atoms as a function of the
average collision energy. This energy is given by
Ecol =
µ
mYb
× EYb + µ
mLi
× ELi , (1)
where µ is the reduced mass, and m(Li, Yb), E(Li, Yb) are
the masses and kinetic energies of lithium and ytterbium,
respectively. We note that the atomic densities are such
that only a few Langevin collisions occur in each run and
we do not expect the ionic energy to change significantly
during the experiment. Thus, in order to determine the
collision energy we can measure the ions’ and atoms’ ki-
netic energies separately.
6In a Paul trap, the motion of an ion consists of a
thermal secular motion of radial and axial frequencies
ωrad/ax in the harmonic pseudopotential, and a super-
imposed, driven oscillation at the trap drive frequency
ΩRF (micromotion). Thus, the ion’s kinetic energy is
EYb = Etherm + Emm. We employ microwave sideband
spectroscopy on a single 171Yb+ ion [43, 44] and infer an
ion temperature of about 4 mK after Doppler cooling and
a heating rate of ≤ 4 mK/second. The excess micromo-
tion, caused by a displacement of the ion out of the node
of the dynamic electric quadrupole potential, can easily
take values up to several Kelvin if not compensated care-
fully. Furthermore, as the micromotion amplitude may
be tuned by external electric fields we can use it to con-
trol the ion’s kinetic energy over a wide range.
We compensate the micromotion of the ion in all
three dimensions by using a set of complementary meth-
ods [45]. In axial direction, the oscillating motion of the
ion is determined by the observed line broadening of an
atomic transition. In both radial directions we monitor
the ion’s position with respect to the trap drive ampli-
tude. From these position shifts we can deduce the DC
electric field responsible for the ion shift, and thus, tak-
ing into account the trap parameters ωrad and ΩRF, the
micromotion amplitude.
We determine the axial micromotion by measuring the
line broadening of the 2D3/2 → 3D[3/2]1/2 transition at
935 nm wavelength with a laser beam aligned in parallel
to the trap axis. We lower the power in the laser beam in
order to avoid saturation broadening. Still, the transition
may be broadened by thermal motion of the ion, laser
linewidth and the Zeeman splitting in a magnetic field
yielding a linewidth of Γ0 > Γnat. Taking these effects
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Detuning (MHz)
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FIG. 5. Oscillating electric field amplitude at 225 V drive
amplitude versus axial ion position. The zero crossing corre-
sponds to the position of minimal axial micromotion. At this
position, the end cap voltages for axial confinement are 15 V
and 15.4 V, respectively. The insets show the linewidth mea-
surement and fit at three positions. Far away from the center,
the transition is clearly broadened at 225 V trap drive ampli-
tude (blue) compared to the measurement at 67 V amplitude
(orange). At the center, both measurements look similar.
))
FIG. 6. Radial ion position in the horizontal plane versus
radial confinement. The measured positions are fitted with a
model function in order to determinate the DC electric field.
The insets show a camera image of an ion and a Gaussian fit
to the fluorescence.
into account, the line shape is given by [45]:
Γmm(∆) = c×
∑
Jn(βmm)
2 Γ
2
0
(∆− n× ΩRF)2 + Γ20
. (2)
Here, c is a constant, Jn is the nth Bessel function,
βmm = k × xmm is the modulation index due to the mi-
cromotion amplitude xmm and ∆ the laser detuning from
resonance. For each axial position of the ion we measure
the linewidth at two trap drive amplitudes of 225 V and
67 V. Thus, we measure the line shape at two values for
βmm differing by a factor of 3.3 which allows to deter-
mine Γ0 and the micromotion-induced broadening. From
a combined fit as shown in the insets of Fig. 5 we get a
linewidth without micromotion of Γ0 ≈ 2pi×4 MHz and a
position-dependent micromotion amplitude as shown in
Fig. 5. At a trap drive amplitude of 75 V, as used for the
loss rate measurements, we calculate an upper bound to
the amplitude of the oscillating electric field in the trap
center of E0 ≤ 15 V·m−1 corresponding to a micromotion
energy of Emm/kB ≤ 2.5 mK. At these settings, the axial
field gradients can be described by an axial stability pa-
rameter qax = 0.0023, which result in axial micromotion
energies of about 3 mK (0.1 mK collision energy) for the
outer ions in a 5-ion crystal. Aligning the beam under
45◦ with respect to the trap axis allowed us to also probe
for radial micromotion caused by a phase difference of the
RF-signal on the two opposing electrodes, but we could
not detect any.
Radial excess micromotion is induced by stray elec-
tric fields which shift the ions out of the node of the
RF-quadrupole field. We measure these fields by mon-
itoring the ion’s position while varying the radial con-
finement. For the horizontal plane we do this by taking
camera pictures while varying the radial trap frequency
from ωrad = 2pi × 40 kHz to ωrad = 2pi × 220 kHz. We
7determine the ion’s position with an accuracy of 200 nm
by fitting a Gaussian distribution to the camera pictures
(See inset of Fig. 6). By minimizing the ion’s position
shift we compensate the micromotion energy to about
Emm/kB ≤ 2 mK.
In vertical direction, the ion’s position cannot be de-
termined precisely with the camera – it is imaged from
above. Instead, we use the magnetic field dependence of
the (2S1/2, F = 0,mF = 0) ↔ (2S1/2, F = 1,mF = 1)
hyperfine splitting in 171Yb+ for a precise determina-
tion of position shifts. We apply a vertical magnetic
field gradient of gz = 0.15 T·m−1 which leads to a fre-
quency shift of 2.1 kHz·µm−1. Microwave Ramsey spec-
troscopy at radial confinements of ωrad = 2pi × 80 kHz
and ωrad = 2pi × 230 kHz allows for a precise determina-
tion of the ion’s position shift as shown in Fig. 7. From
this measurement we do not only get the position of min-
imal micromotion, but also the micromotion energy as a
function of the applied voltage at the compensation elec-
trodes. We use this deliberate miscompensation to mea-
sure the energy dependence of the inelastic collision rates.
We measure a DC electric field of EDC = 0.29(2) V·m−1
for 1 V applied to the compensation electrodes. The en-
ergy is then given by
Emm(EDC) =
E2DC × e2
2mYb × ω2rad
, (3)
where e is the elementary charge. At optimal compensa-
tion we get Emm/kB ≤ 2 mK.
Due to the large mass ratio of mYb/mLi ≈ 29, the
collision energy at low temperatures is almost entirely
limited by the temperature of the 6Li atoms even though
the Yb+ ions’ combined thermal and micromotion en-
))Compensation voltage
FIG. 7. Radial ion position shift in the vertical plane
to compensation voltage. The frequency difference of the
(2S1/2, F = 0,mF = 0) ↔ (2S1/2, F = 1,mF = 1) transition
in a magnetic field gradient is shown for different compensa-
tion voltages. The insets show the Ramsey measurements at
radial trap frequencies of ωrad = 2pi × 80 kHz (yellow) and
ωrad = 2pi × 230 kHz (blue).
ergy may be up to EYb/kB ≈ 10 mK at optimal com-
pensation. For higher collision energies we deliberately
apply a DC electric field of up to EDC = 35 V·m−1 in
vertical direction, which yields a micromotion energy of
up to Emm/kB ≈ 4 K and a collision energy of up to
Ecol/kB ≈ 120 mK.
We measured the radial micromotion at various po-
sitions along the axial direction of the Paul trap over a
range of 800 µK by transporting the ion by changing end-
cap voltages. We find that the radial micromotion com-
pensation remains accurate over this full range within
30 V/m corresponding to an additional collision energy
of about 1 mK. We conclude that the micromotion along
the axis of the Paul trap is dominated by axial oscillating
field gradients.
B: Compression and transport of the magnetic trap
Due to limited optical access it is not possible to mea-
sure the temperature of the atom cloud inside the ion
trap in the present setup. To have an estimate on the
temperature, the transport of the atoms from the load-
ing zone to the interaction zone is simulated using a cloud
of 105 atoms starting in a magnetic trap at a tempera-
ture of 180µK at gz(0) = 0.44 T·m−1. The position of
the trap minimum as well as the magnetic gradients dur-
ing the transport are parameterized to follow a smooth
polynomial function
α(s) = 10s3 − 15s4 + 6s5 , s ∈ [0, 1] , (4)
ensuring a soft compression, acceleration and decelera-
tion of the atoms due to the vanishing first and second
order derivatives at the endpoints, s = 0 and s = 1.
The simulation predicts a temperature of the transported
cloud in the interaction zone of 0.6 mK in a magnetic
trap of gz(Ttr) = 2.8 T·m−1 after a transport time of
Ttr = 120 ms. The adiabaticity of the transport is
checked by simulating the transport back to the load-
ing stage, coinciding with the initial temperature, which
is in good agreement with our experimental observations.
C: Correction of interaction time for the 2F7/2 state
The preparation of the ions in the 2F7/2 state relies on
the decay of the metastable 2D5/2 state and thus takes
much longer than for the 2P1/2 and
2D3/2 state. There-
fore, we prepare the 2F7/2 state before the MOT loading
stage. Thus, the atoms already interact with the ions
while being elevated into the interaction zone. We take
this into account by calculating an effective interaction
time, given by
τF = τF,0 + τF,corr , (5)
8consisting of the bare interaction time τF,0 = 25 ms, set
in the experimental control software, and an additional
term
τF,corr = 2
∫ Tver
0
e
− (h−zmin(t))
2
2σ2vert dt , (6)
consisting of the integral of the approaching atom cloud’s
vertical density profile being elevated by the trap mini-
mum’s trajectory zmin(t) to the vertical position h of the
ion. The factor two accounts for the transport back. For
the measured vertical cloud size of σvert = 410(40)µm,
we get τF,corr = 14(1) ms and therefore an effective inter-
action time of 39(1) ms.
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